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THE MAGNETIC FIELD IN SUPERCONDUCTING
SHIELDED SYNCHRONOUS MACHINES

A. I. Bertinov, A, V., Golovkin, G. A. Zhemchugov,
and 0, M., Mironov
(Moscow)

The magnetic field of the superconducting winding
of a shielded synchronous machine is investigated,
expressions for components of magnetic field strength
are obtained, and the shape factor of the field
of a synchronous machine with ferromagnetic and
superconducting shlelds is determined.

Graphlc dependences are given for the
distribution of the components of magnetic fleld
strength along the radius for various numbers of
pairs of poles, and the relationship of geometrical
dimensions of a superconducting winding and shield
is shown.

In work [1] a superconducting synchronous machine without ferro-
magnetic parts was discussed. In such a construction of a super-
conducting synchronous machine the external magnetic fields reach
great values, which can have a negative influence on the working of
certain electrotechnical equipment situated near the machine. 1In
connection with this the problem arises of shlelding the magnetic
field of the working area of a superconducting synchronous machine
from the space around it with the ald of a ferromagnetic or super-
conducting shield.

This article presents results of the investigatlon of the magnetic

field of a superconducting field winding of a machine with
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ferromagnetic and superconducted shields; the equations obtailned are
also valld t'or nonsuperconducting machines of similar construction.

Let us examine a magnetic system with a fixed superconducting
tfeld winding located inside the shield (Fig. 1) in a cylindrical
voriinate system. We make the following assumptions:

the magnetic fleld 18 plane-parallel;

the magnet le permeability of the fleld winding material is
constant. and equal to oo When the field winding is powered by a
source with an automatiec current-control system the superconductiing
materinl works with flelds close to critical and, besides, when the
winding 1s made of a superconductor stabilized with a normal metal
the space factor is equal to, approximately, 0,1:

magnetic permeability of the shield is constent and equal to ug

Let us write the following relationships for the vector potential
and field strength:

. a
‘A =-rad, (1)
e

The method of electromagnetic Images Is used for solving the
problem., The strength of the magnetic field at any point of space
included within the shield 1s determined by the real current of the
superconducting field winding and by the fictitious current at
distance of r!' = rOQ/r beyond the edge of the shield [2]. The
magnitude of the flctitious current is related to the real current
hy the coefficilent .

fom 22,
i+ e

where
o e
LA™

The components of the magnetic field strength are written in

the following form:
Hog= Mo+ Iy;
”“ -= ll' + ””0

~~~
-~
’
g
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The values of the radial and tangential components of the
magnetic field strength, Hp and Hcp. caused by the real current, are
found from familiar formulas [1]. The values of Hp' and H¢’ are

defined in terms of the vector potential of the magnetic field:

goad 24
e 09

, 4 oA (3)
”.F—-".'-‘-p—.

tig., 1. Field winding of a shielded superconducting
synchronous machine.

The axlal component of the vector potential function at point
P (p, 9 is equal to:

m-%jﬁat«.‘lu’. .‘-/..' ()

where S' 1s the area occupied by conductors with a fictitious

current;

=tk (35)":

a' =V T ri—=2pr cos (9 — qo);
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Joand JCp are respectively the fictitious and the real current
denslity, Tet us write the vector potential in the form of a
ourier series:

A= -',‘;"-5 rrard 3 o (5)" conpp— . ()

LD

After integration over every section occupnied by conductors with
fictitious current, substitution in equations (3), and introduction
(for convenience of further calculations and the construction of
graphic dependences) of the relative dimensions

by == Ry/ Ry, R == R| Re™R, == Ry | R,

¥e get ! ”.’-,"% x.'mnpv;
Hy' = = Jop -BE’-K.' sinnpe,
where
2 8 A—R™
K= Ko =k 1 npei ¢
’ . pﬂ% TEY ] T R, (€)
For a ferromagnetic shield we assume pg = and k =1, Then with

one member of the series (n = 1) expression (6) will have the form:

Ky = 8—";"-"— (1 — 1), (7)

* *

The dependences of Kbi' on R and R1 for p equal to 1, 2, 3 and

4 are illustrated in Figs. 2-5. From the graphs in these flgures it
follows that the components of the magnetic field strength that are
proportional to the coefficient K ' have their greatest value on the
inner surface of the ferromagnetic shleld and are equal, in absolute
magnitude, to the values of the strength at these points in the
abserice of a ferromagnetic shield. The total radial strength

component in this case doubles, while the total tangential component
L:comes zero.
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Fig. 2. Dependence of
Kpi' on J 'R4q) for p = 1.
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Fig. 3. Dependence Kpi' =
*
f(R) for p = 2.
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Distribution of the total radial magnetic field strength component
along the radius is shown in Fig. 6.

Thus, an almost two-fold increase in strength in the region
occupied by the armature coil leads to the growth of the emf induced
in it. For machines with a superconductive shield ku =1, The
strength component Hp' In relation to Hp has a negative sign, with
the result that the total radial strength component 1is less than Hp’

and on the inner surface of the shield 1t acquires a value of zero
(Fig. 7).

by - :
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Fig. 4. Dependence Fig. 5. Dependence
Kpl' = f(ﬁ) for Kpi' = f(ﬁ) for
p = 3. p =4,

If the machine has a ferromagnetic or a superconducting shield
the field shape factor is expressed as follows:

. How Mo - Hy'
hip o= ’ﬂ;‘;‘ - ’”'—_'_‘”': . ( 8)

The above-obtained expression for H ' is presented in the form of an
infinite series necessary for defining pr‘ The expression for Hp'
can alsc be realized in finite form,
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Tig. 6. Dependenceg of Pig. .- D nd nc. s of K
K o» Kq's KgoonR g. 7. Dependences OF Tp3,
e P EE® K ,', K on ﬁ form

pl ’ “pleo

for p = 2, ﬁa = 1.5,
L, = . p = 2’ Ri = 006, Ra = 105’

4 =0
My ‘

Not expanding the vector pctential function in a serles, we

select definite integral (4):

1, = o %‘7 K,'s

where
Il. + Il'--2ﬂ neolc

x,"%’ iy [ L)
".2-"(_” k’[ l?r0+m—2inluup

—i‘l It. +k’l€ —2". ﬁﬁ.oou
ﬂ: fos 4 PR S — 2Rl Rycosd

X l‘f.¢ RS+ fo=2itsitcons

(m oo'e zic' 75°+k'l¢.'-zn.'kh..uc+

RS ag B A 4 b =21 R oos |

('F“" Y- by Y 7 T ..o-t+
A

| ...?a-n.)(mi-ﬂ")*'
R, R—Riems Ay —Asome)
.+.}F|llh(nc‘l—T:_"";- —_t'_lﬁc__) '
. A —Npom — Rt oos (9)
{2
g-'—ﬁ(%—!—?J).; .-'-“(—’_ );
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Y — the ratio of the wound part of the pole to the entire polar
section,

e maximum value of Kp' with ¢ = 0, vy =1, and ua = @ for
various numbers of palrs of poles equals:

when p = 1
'»o 3 2"‘ i‘. I I.(' X .l.
- (- - O - gl
| +4%,1u-km' o (10)
when p 2
| 'l A';"l’o"_zl." -A'I:.‘ik." e, M-y .
:'.0. }'llFT- ... .Tll Yy ¥ + lln'—x- . . U (11)
when p = 3

ce (2 RS, do 4 T 1 KB XN /1Y X
A =,(.,..|. 0 ) _~__(.__-. .._.) NS
S VIR ™) R X L

ol ol =i
:m,.l N =1 :m. mr.-n,. L2Vl ( 2/t - g

——————

+ e
3 :} R T TR " S 1
2itit, + fopp zl’c X 2tit, ~ NI
~ arolg ——L-t " 4 ar ."__. A Rty L 12
Vi, ST X . V3. ) (12)
when p = 4
L0y 20, SR Qi
K, = -—l n 55— ! -
, * R m-lc. '"575 ‘e
L2, (B — 108 (1} + 19 " 'L V =iy
P (M4 Ry (RS — 118 I (X
VIRit,— ity Vik + i VRl + Ap
el » » + A,
ncg—l,‘.'— -_k_-'..m‘__ﬁ:_)'
(13)
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The field shape faetor when ua = o and ku = 1 equals

*'. - KOI + Ku’ ..

0+.

In the case when ua = 0 and ku = =],

kg = =M K
fo w . l

The dependence kfa = f(ﬁ) when p = 2 is depicted in Fig, 8,

=

= =
)

af

i

*
Fig. 8. Dependence Kpg = f(R)

for p = 2, R1 — 006, ﬁa = 1.50

The field shape factor inside the area limited by the shield
has, when hy = @, smaller values in comparison with machines without
a shield. On the surface of the shield the field shape factor when
Ly = O becomes equal to one, while when ua = o it remains without

change, Just as when ua =1,

Concluslons

Analysis of the obtained expressions for the components of the
magnetic field .trength for superconducting synchronous machines with
a ferromagnetic shield shows that the magnetic strength inside the

chield increases,

FTD-HT=-23-430-69



The presence of a superconducting shield adversely affects the
distribution of the resultant radial magnetic field strength
component.; such a shield is used expediently with external magnetic
'felds ot dispersion which exceed the saturation limits of the
t‘erromagnetic materlal.,
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